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major sources of morbidity and mortality. There are numerous types of drug 
reactions, including predictable drug reactions such as side effects, toxicity, drug 
interactions and secondary effects that can be anticipated when planning therapy. 
There are also a number of unpredicted adverse effects, which are unexpected 
consequences of therapy. The least severe unpredicted adverse drug reaction is 
intolerance, which appears to be an exaggeration of pharmacological or toxic 
effects of the drug among vulnerable subsets of patients. Some of the most severe 
and life-threatening adverse drug reactions are allergic. These adverse effects 
can be mediated by a number of mechanisms, including the development of 
drug-specific IgE, serum-sickness—like reactions in response to drug-antibody 
complexes, direct release of inflammatory mediators, or involvement of the 
immune system by mechanisms that are poorly understood. Idiosyncratic adverse 
drug reactions are a heterogeneous group of adverse effects that are not 
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predictable from the pharmacological actions of the drug. Many of these reactions 
occur as a consequence of pharmacogenetic variations in drug bioactivation and 
drug or metabolite detoxification or clearance. The physician must be vigilant 
for the possibility of unpredictable adverse drug reactions during or after therapy. 
Research currently underway may afford the opportunity to predict, and hope- 
fully prevent, some of these adverse reactions in the future. 


1. The Impact of Adverse Drug 
Reactions (ADRs) 


The therapeutic revolution that began 6 decades 
ago with Sir Alexander Fleming’s discovery of 
penicillin and Gerhard Domagk’s description of 
the antimicrobial properties of ‘Prontosil’ has 
been responsible for the addition of numerous 
novel and specific therapies to the therapeutic 
armamentarium.!!-4] The ability to provide effec- 
tive specific therapies has resulted in some of the 
most dramatic changes ever observed in medical 
practice.3-4] These new therapies have permitted 
the cure or control of many of diseases which pre- 
viously had resulted in death or disability.{3-4] 
However, in common with most new developments 
in medicine, the benefits of new therapies have 
been associated with new risks. 

Problems associated with new therapies have 
included placing the new therapy in the appropriate 
setting compared with conventional therapy re- 
garding efficacy, and considering the costs and ad- 
verse effects associated with the new therapy. In 
the case of the last of these, the introduction of 
numerous novel and specific therapies has over the 
past 6 decades been associated with the description 
of numerous (and often novel) adverse drug reac- 
tions (ADRs).!5-!2] 

The incidence and cost of ADRs is difficult to 
derive with precision, but by any estimate it is con- 
siderable. It appears that approximately 5% of all 
patients treated with a course of medication have 
an adverse reaction related to therapy, and that 
approximately 5% of hospital admissions are due 
toADRs.!¢7] Cutaneous drug reactions are com- 
mon complications of therapy (table I). This 
translates into large numbers of patients: between 
1 million and 2 million Americans have an ADR 
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every year.!!4] ADRs are more common among 
hospitalised patients than among ambulatory 
patients, occurring in as many as 30% of 
hospitalised patients.!!3!5] In a study of 36 000 
admissions to a tertiary care hospital over a 1-year 
period, Classen et al.!!>] found that 2% of admis- 
sions were for the diagnosis or therapy of ADRs, 


and that 0.2% of these reactions were severe or - 


life-threatening. 

It is hard to estimate the economic burden of 
ADRs, but it has been estimated that the annual 
cost in the US for screening, diagnosis and therapy 
of ADRs is in the range of $US3 billion a year!!! 
Other costs associated with ADRs are associated 
with drug development: studies of the adverse 
effects of drugs and the legal costs associated with 
ADRs would be expected to result in higher prices 
for new pharmaceutical agents. 

In addition to the economic costs of ADRs, 
patients pay a price in terms of pain and suffering. 
In addition, the experience of having an ADR may 
adversely effect the physician-patient relation- 
ship. 


2. Definition and Classification of ADRs 


2.1 Definition 


An ADR may be defined as an undesirable 
response to a drug. This response may be antici- 
pated or unanticipated, and usually, but not always, 
it is independent of the therapeutic or diagnostic 
action of the drug that forms the basis upon which 
the drug was prescribed.!!©] ADRs are often re- 
ferred to by patients and physicians as ‘allergies’. 
The use of the term ‘allergy’ for an ADR is impre- 
cise and often inaccurate, as the mechanism of many 
ADRs does not involve the immune system.!!2] 
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Table I. Rates of cutaneous adverse reactions to common drugs!"*! 


Drug Patients with a reaction 
during therapy (%) 
Amoxicillin 5.1 
Cotrimoxazole 3.4 
(trimethoprim-sulfamethoxazole) 
Cephalosporins 2.1 
Erythromicin 2.0 
Doxycycline 0.5 
Cimetidine 1.3 
Indomethacin 0.2 
Diazepam 0.1 


In addition to being semantically incorrect, the use 
of the term ‘allergy’ in a loose fashion does not 
contribute to understanding mechanisms of ADRs. 
This, in turn, does not assist the physician in know- 
ing how to predict and (ideally) avoid these reac- 
tions. 


2.2 Classification 


There are a variety of classification schemes 
which have been proposed for ADRs.!8-10.11,17,18] 
The classical scheme described for drug hyper- 
sensitivity is that of Gell and Coombs, which 
describes 4 different immunological mechanisms 
responsible for hypersensitivity immune responses 
to antigens, including drugs.!!7] This model is use- 
ful in understanding classical cases of drug hyper- 
sensitivity such as urticaria with penicillins, but 
does not provide a mechanistic explanation for 
many of the adverse reactions, immunological and 
nonimmunological, that are seen to drugs in com- 
mon use.!!2] 

Van Arsdel!!8] has proposed an elegant classifi- 
cation system that considers if a specific organ 
system is involved or if involvement is general, 
and also considers whether the adverse reaction 
has clinical features specific to certain types of 
ADRs. This classification system is very useful for 
adverse reactions mediated by the immune sys- 
tem.!!6] However, many adverse reactions are not 
mediated, at least primarily, by the immune sys- 
tem. 

The rationale for developing classifications for 
clinical problems is to help to place diverse events 
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into rational groupings, which may reflect mecha- 


nistic homogeneity and which improve the under- . 
standing of clinicians as to the diagnosis or therapy —. 


of the problems in question. The classification — 
system of Patterson et al.!!9l considers ADRs as 
being either predictable or nonpredictable; this 
system permits inclusion of adverse reactions 
that are mediated on a nonimmunological as well 
as on an immunological basis. As modified by 
DeSwarte!®! and Blass and deShazo,!!!! this clas- 
sification system can be very useful in the clini- 
cal assessment of ADRs (table ITD). 


3. Predictable ADRs 


As the name implies, predictable ADRs dre 
untoward but often predictable consequences of 
therapy through knowledge of the pharmacology 
of the drug in question.!8-!01 This fact suggests that 
they often can be avoided if they are part of the 
considerations involved in planning and monitor- 
ing therapy. 


3.1 Toxicity 


Toxicity is an uncomplicated form of predict- 
able ADRs. Toxicity refers to the untoward effects 
produced on specific organ systems or to the 
patient in general when medications are taken in 
supratherapeutic amounts. Many drugs in common 
clinical use produce toxicity when taken in supra- 
therapeutic dosages. As an illustration, gentamicin 
in supratherapeutic doses produces ototoxicity and 
nephrotoxicity.{!9] The mechanism of injury, type 
of organ involvement and the underlying pathol- 
ogy are dependent on the medication. Much of the 
effort expended in therapeutic drug monitoring is 
directed at avoiding toxicity. 


3.2 Side Effects 


Side effects are biological responses produced 
by medication, often due to mechanisms related to 
the desired effect, which are not part of the desired 
response, and are usually detrimental. Side effects 
can occur commonly. An illustration of a side 
effect is the fine tremor produced by B2-agonists 
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when these agents are used in the therapy of 
asthma. As in the case of toxicity, the precise man- 
ifestation of side effects is dependent on the med- 
ication in question. 


3.3 interactions 


Interactions are adverse effects, often of a phar- 
macokinetic nature, which occur due to the effects 
that medications have on the disposition and 
effects of other medications taken concurrently. In- 
teractions can also occur between certain disease 
processes and medications given for the therapy of 
these diseases. 

Drug-drug interactions can often be predicted 
by knowing the metabolism and disposition of the 
medications in question. For example, the fact 
that cimetidine is a potent inhibitor of specific iso- 
zymes of cytochrome P450 suggests that drugs 
metabolised by these isozymes, such as the anti- 
convulsant phenytoin, will have exaggerated 
effects if taken concurrently with cimetidine. This 
interaction has been demonstrated by a number of 
investigators, [20-22] 

An illustration of a drug-disease interaction is 
the high incidence of maculopapular rash with 
amoxicillin when given to patients during the 
course of infectious mononucleosis.!?3! The mech- 
anism(s) for some drug interactions, especially 
drug-disease interactions, are not known; however, 
alterations in drug metabolism or excretion have 
been described in many cases of drug-drug inter- 
actions. [10.24] 


3.4 Secondary Effects 


Secondary effects are described as adverse out- 
comes which are predictable but not inevitable 
consequences of the biological activity of a 
drug.!!0l An illustration of this pattern of ADR is 
the pseudomembranous colitis which can occur af- 
ter therapy with lincosamide antibiotics such as 
clindamycin.!!0] In this case, between 1 and 10% 
of patients treated with the antibiotic will have 
suppression of their bowel flora and overgrowth of 
an endotoxin-producing strain of Clostridium 
difficile, which will lead to colitis and inflamma- 
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Table li. Classification of adverse drug reactions'® 10"! 


Predictable 
Overdose (toxicity) 
Side effects 
Interactions: 
drug-drug 
drug-disease 
Secondary effects 
Unpredictable 
Intolerance 
Coincidental 
Allergic 
Idiosyncratic 


tory diarrhoea. The mechanism(s) responsible 
for secondary ADRs aie related to the biological 
activity of the medication in question. 


4. Unpredictable ADRs 


In the case of unpredictable ADRs, knowl- 
edge of the pharmacology and activity of the 
medication do not permit identification of individ- 
ual patients who might be at risk for a specific 
type of ADR. In addition to this issue, unpre- 
dictable ADRs include some of the most serious 
reactions to medications. Indeed, with the 
exception of toxicity and some drug interactions, 
the majority of serious and life-threatening 
ADRs are unpredictable in nature. [8.10] 

Unpredictable ADRs occur due to a number of 
mechanisms, some of which are not currently 
understood. Nonetheless, there are a number of 
unpredictable ADRs for which the mechanism(s) 
underlying the pathology are understood in detail. 
Understanding the mechanism(s) of these reac- 
tions provides insights into therapy for these reac- 
tions and to how it may be possible in the future to 
diagnose and avoid these ADRs. 


4,1 Intolerance 


Intolerance is a situation in which individual 
patients, for reasons unknown, have exaggerated 
adverse effects, often to the point to which such ef- 
fects become disabling, when medications are 
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Fig. 1. The classical pathways (type I-IV) of hypersensitivity as described by Gell and Coombs." Type | is antigen-specific IgE 
directed against mast cell Fc receptors; type Il is an antibody directed against antigens on the cell surface; type III involves an immune 
complex deposition on tissues; type IV involves cytokine release from T cells sensitised to a specific antigen. 


given in usual doses. The adverse effects that de- 
velop are usually an extreme form of those that are 
seen in other patients during the course of therapy, 
or which occur when high doses are given. As an 
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illustration, most patients who are treated with 
erythromycin develop some degree of gastro- 
intestinal discomfort. However, between 3 and 5% 
of erythromycin recipients develop marked 
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nausea and vomiting, often to the point where 
they cannot continue on therapy. 

Another example is the 1% of patients taking 
aspirin who develop disabling tinnitus on conven- 
tional aspirin dosages. Although these patients 
have symptoms that might be expected in patients 
who are experiencing salicylate toxicity, the serum 


salicylate concentrations in these patients are in the 


usual therapeutic range.!!9) 


4.1.1 Mechanisms of intolerance 

The mechanism(s) responsible for intolerance 
are not well understood. Given that intolerance 
often involves an exaggerated response which in 
most patients is mediated on a.pharmacological 
basis, part of the mechanism of intolerance is likely 
to involve the pharmacological action of the 
medication in question. However, why the subsets 
of patients who develop intolerance do so, and how 
these subsets can be identified prior to therapy, 
remain unknown. 


4.2 Allergy 


Allergy is the term most commonly associated 
with ADRs by the public and by many physi- 
cians.l!2] Although clearly not a universal compo- 
nent of ADRs, ADRs mediated by the immune 
system are nonetheless important sources of 
morbidity and mortality.!!2) Immunologically- 
based ADRs are the most common types of fatal 
ADRs, and are included among the most severe 
ADRs_[12,16,25] 

It may seem curious to include allergy in the 
category of unpredictable ADRs. However, the 
definition of allergy as an unpredictable ADR is 
with respect to the initial reaction. In this setting, 
it is not possible to determine which member of the 
general population is at risk of developing an 
allergy-based ADR. Ifa patient has been diagnosed 
as having had such a reaction, as for example 
anaphylaxis to penicillin, then obviously future 
episodes would not be unpredictable. Just as 
obviously, it would be incumbent on the physician 
not to.use the drug which produced this response 
in future therapy.!16.26.271 
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ADRs mediated by the immune system mani- 
fest in a number of different clinical syndromes, 
depending on the nature of the drug involved and 
the component(s) of the immune system involved 
in the reaction.!'!6] The classical scheme of 
Coombs and Gelll!7] has been used to define a 
mechanistic approach to interactions between 
medications and the immune system (fig. 1). This 
elegant system, although very useful for adverse 
reactions which are mediated by the classical path- 
ways described, is not as useful for many of the 
adverse reactions that appear to be mediated by the 
immune system, but which do not fit into one of 
the 4 mechanisms described.!!?1 

As noted in section 2.2, Van Arsdel!!8! has 
developed a classification system which is very 
useful when considering ADRs that are mediated, 
entirely or in part, by the immune system (table 
IID). This classification system is useful in consid- 
ering the mechanisms involved in ADRs mediated 
by the immune system.!!61 


4.2.1 Specific Types of ADRs Mediated by the 
immune System, and Postulated Mechanisms) 


There are a number of different types of ADRs 
mediated by the immune system (table II1).!!6!8] 
These adverse reactions involve interactions between 
medications and the immune system. To under- 
stand the mechanism(s) involved in these 
reactions, we must briefly consider the role and 
function of the immune system. 

The immune system is present in multicellular 
organisms as a method of protecting the organism 
from environmental factors, most notably infec- 
tious agents.[28] To accomplish this, the immune 
system has innate components to maintain a con- 
stant level of protection, such as an intact epider- 
mal barrier, phagocytes and proteins such as com- 
plement, and adaptive components, such as T 
lymphocytes and proteins such as antibodies, 
which permit the immune system to amplify a 
response after repeated exposures.!!!.!225] The 
components of the immune system — cellular com- 
ponents such as lymphocytes and humoural com- 
ponents such as antibodies — perform 4 major ac- 
tivities: (i) recognising normal (‘self’) body 
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Table Ill. Classification of immunoiogically-based adverse drug 
reactions!'®18! 


Generalised reactions 
Mast ceil mediator or associated reactions: 
systemic anaphylaxis 
anaphylactoid reactions 
urticaria 
angio-oedema 
Serum-sickness—ike reactions 
Drug fever 
Autoimmune drug reactions 
Drug-induced vasculitis 


Pseudo-allergic reactions 

Drug reactions due to mediator release: 
histamine-releasing drugs 
complement-activating agents 
autonomic drugs 
enzyme inhibitors 


Drug reactions due to mediator release, mechanism unclear 


Reactions involving specific organs 
Blood , 
Skin 

Lung 

Liver 

Heart 


Reactions with immune components, mechanisms unclear 


constituents; (ii) distinguishing ‘self’ from ‘non- 
self’; (iii) acting to eliminate ‘nonself’; and (iv) 
storing the determinants of this response into im- 
mune memory.!28.291 

A compound or molecule, endogenous or exog- 
enous, must be recognised by the immune system 
before an interaction can take place.!?8] Molecules 
that induce the production of a specific antibody 
are known as antigens, while the portions within 
the molecule which are recognised by the immune 
system are known as antigenic determinants or 
epitopes.|28] To be recognised by the immune system, 
epitopes must be presented on the cell surface, either 
by specialised cells such as antigen-presenting 
cells, or by being present on the cell surface of a 
cell that has been infected by a virus.30.31] 

Antigens are processed by antigen-presenting 
cells by being internalised and partially degraded 
by intracellular protease. The epitopes are then 
presented on the cell surface in association with the 
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major histocompatibility complex.3233] This 
leads to the formation of antigen-specific anti- 
body, [25:32,33] 

Large drug molecules such as insulin and anti- 
sera can be processed themselves by antigen- 
presenting cells, and thus are thought of as com- 
plete antigens; however, the majority of drug 
molecules are too small to be processed by antigen- 
presenting cells.{!2341 The minimal size for 
epitope recognition appears to be in range of 3 
amino acids.!35] 

Recognition of small molecules by antigen- 
presenting cells involves haptens, with small mol- 
ecules becoming associated with larger molecules, 
usually proteins. The complex is then processed by 
an antigen-presenting cell.!25! The epitopes on the 
small molecule can then be presented on the cell 
surface in association with the major histocompat- 
ibility complex, leading to formation of antigen- 
specific antibody.!25] Drugs may associate with 
protein by direct conjugation. If the drug is not suf- 
ficiently reactive to associate with protein, a deg- 
radation product (as in the case of cephalosporins 
and penicillins) or a reactive metabolite (as in the 
case of procainamide, halothane, phenytoin, 
practolol and sulphonamides) formed by bioactiva- 
tion of the parent drug may form a complex with 
protein, leading to processing by antigen-presenting 


cells and formation of drug-specific antibod- 
ies, [36] 


Mast Cell Mediated Reactions ~ 

Anaphylaxis and Urticaria 

Anaphylaxis is one of the most feared of ADRs, 
as it evolves rapidly and can lead to collapse and 
death.!!6.27] Anaphylaxis is usually due to release 
of mediators from mast cells. The clinical symp- 
toms produced during mediator release span a 
range from urticaria and pruritus to anaphylaxis, — 
which can include bronchospasm, laryngeal oe- 
dema, cardiovascular collapse and death./37] The 
drugs most commonly reported to cause anaphy- 
laxis are b-lactam antibiotics.!!627:37] The antibi- 
otics for which anaphylaxis and urticaria has been 
described in most detail are penicillins. Allergic 
reactions to penicillins may occur in as many as 
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8% of patients, but fatal reactions, for which ana- 
phylaxis is overwhelmingly the most common 
mechanism, occur approximately once in every 50 
000 to 100 000 courses of therapy. Some degree of 
anaphylaxis may be seen in as many as | in 10 000 
courses of therapy. !23.26,38,39] 

Anaphylaxis and urticaria are produced by the 
release of mediators, such as histamine, leuko- 
trienes and platelet-activating factor, from mast 
cells. Mast cells are activated by the interaction 
of antigen-specific IgE with Fc receptors on the 
surface of the mast cell.{!7-40-45] This is a classical 
example of type I hypersensitivity as described by 
Coombs and Gell!!! (fig. 1). 

The B-lactam antibiotics are, as are most drug 
molecules, too small to interact directly with an 
antigen-presenting cell. The interaction of penicil- 
lins with the immune system is a classical example 
of the hapten hypothesis.!46] The largest part of a 
penicillin dose is excreted as intact drug into the 
urine, but a small fraction of the dose undergoes 
spontaneous opening of the B-lactam ring, expos- 
ing a carbonyl moiety which can form an amide 
linkage with amino groups of nearby proteins, 
producing a penicilloyl group.|47.48] This is the 
major determinant, constituting 95% of the 
penicillin bound to protein.[*6] Small fractions of 
penicillins are degraded to other compounds, 
the so-called minor determinants such as peni- 
cilloic acid, which also bind to protein.!39-49! 

Among patients who develop an allergic 
response to penicillins, the penicillin-protein com- 
plex is then processed by antigen-presenting cells. 
Specific IgE to penicillins is formed over a 10- to 
20-day period.!!6] On subsequent exposures, the 
patient will develop symptoms of urticaria and/or 
anaphylaxis very shortly after therapy is insti- 
tuted, [16] 

A critical issue with respect to mast cell- 
mediated reactions involving IgE is that a period 
of previous sensitisation is essential if the patient 
is to develop drug-specific antibodies. Thus, 
anaphylaxis and urticaria to these agents cannot 
occur by this mechanism on the first exposure 
unless the patient has been sensitised to another 
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agent sharing epitopes with the drug in question. 
In addition, if the specific epitopes can be identi- 
fied, it may be possible to develop testing regimens 
which will permit predictive assays to determine 
the risk of an adverse reaction when the patient has 
had an ADR believed to be mediated by this mech- 
anism. Predictive assays, in the form of skin tests, 
have been developed for penicillin allergy and for 
allergic reactions to local anaesthetics.3950-55) 

Mast cell-mediated reactions have been de- 
scribed for a number of agents other than B-lactam 
antibiotics. These reactions have been described in 
association with therapy with blood products, 
insulin, gammaglobulin, general and local 
anaesthetics, latex in drug delivery systems, and 
to vaccines, |!9.16,27,56,57] 

Some adverse reactions, such as anaphylactoid 
reactions to blood products, may be caused by 
activation of complement and anaphylatoxins.!!81 
Other adverse reactions, such as pseudo-allergic 
reactions to aspirin, nonsteroidal anti-inflammatory 
drugs (NSAIDs), opiates or radiological contrast 
material, may be due to the direct release of medi- 
ators from the mast cell, in some cases related to 
the pharmacological action of the drug.!!658] In 
the case of some of these drugs, the exact mechan- 
ism(s) are not clear.!16.59] 

The clinical characteristics of the adverse 
events are dominated by the effects of the mast cell 
mediators released. These adverse effects are not 
seen among the majority of patients treated with 
these agents, and why they occur among the subset 
at risk for these reactions is unknown. 

Urticaria has been described in association with 
a number of agents. However, a clear association 
between the production of specific IgE and the 
subsequent development of urticaria is less clear 
for many compounds.!!2] Some drugs, such as 
sulphonamides, produce urticaria in a fashion that 
suggests an IgE-mediated event. The sulphona- 
mides are known to undergo metabolism, typically 
of a small fraction of a given dose, to a reactive 
metabolite, which would suggest the strong likeli- 
hood of hapten formation.!69.1] However, despite 
the fact that these reactions are relatively uncom- 
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mon, only a small number of patients have been 
described with a sulphonamide-specific IgE, sug- 
gesting that other components of the immune sys- 
tem are involved in the evolution and propagation 
of these reactions. |!2.62) 


Serum-Sickness-Like Reactions 

Serum-sickness—like reactions are charac- 
terised clinically by the development of fever, 
urticaria and arthralgia, occasionally with associ- 
ated lymphadenopathy. |®3.64] Clinical signs and 
symptoms of serum sickness typically begin to 
appear after 7 to 21 days of treatment, and can 
occur with the first exposure. A period of initial 
sensitisation is not essentia?.{!©! If there has been a 
previous exposure, symptoms may develop at an 
accelerated rate. 

Serum-sickness—like reactions have been de- 
scribed to a number of biological agents, including 
antivenoms to stings or venomous bites and to 
immunomodulators used prior to organ transplant- 
ation.['6] In addition, serum-sickness—like reac- 
tions can occur with a number of drugs, including 
penicillins, cephalosporins, sulphonamides, pro- 
pylthiouracil, phenytoin, streptomycin, barbitur- 
ates, isoniazid, salicylates, captopril, NSAIDs, 
hydralazine and some radiologic dyes.!!634] Serum- 
sickness—like reactions appear to be significantly 
more common with cefaclor than other cephalo- 
sporins. Preliminary work suggests that this may 
be due to metabolic activation of cefaclor to a 
reactive metabolite.[©5-67) 

The mechanism of serum-sickness—like reac- 
tions involves the formation of antigen-antibody 
complexes followed by the activation of comple- 
ment.!!6] This situation arises typically when 
antigen-antibody complexes form with a slight 
excess of antibody to antigen. The immune com- 
plexes activate complement, both in biological 
fluids as well as in tissues in which the immune 
complexes are deposited. Coombs and Gelll!7] 
considered this to represent type III hypersensitiv- 
ity (fig. 1).{16] Immune complex deposition in the 
kidneys with subsequent glomerulonephritis, 
common in animal models, is rare in humans with 
serum-sickness—like reactions, whether provoked 
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by biological agents or by drugs.!!©! Clearance of 
the immune complexes by the reticuloendothelial 
system results in resolution of the reaction, asso- 
ciated with abatement of symptoms. 


Drug Fever 

Fever is frequently a component of ADRs, both 
allergic and nonallergic. Isolated febrile responses 
to drug therapy have been documented for more 
than a century.!23] Drug fever typically develops 
after 7 to 10 days of therapy, produces a sustained 
fever while therapy is continued, and often recurs 
if therapy is repeated on future occasions.!!61 
Isolated drug fever is uncommon. The mechan- 
ism(s) responsible for drug fever are unknown, 
although many mediators in the immune system 
can produce a febrile response. Antibiotics are the 
drugs most commonly associated with drug fever, 
including the B-lactam antibiotics, vancomycin, 
quinine and sulphonamides. Other drugs associ- 
ated with drug fever include phenytoin, procainam- 
ide and barbiturates. 68} 


Autoimmune Drug Reactions 

Drug-induced lupus has been recognised as a 
complication of therapy with certain drugs for 
more than 4 decades.!©-7!) The presenting com- 
plaints of fever and arthralgia are similar to those 
seen with idiopathic systemic lupus erythematous 
(SLE), although in the case of drug-induced lupus 
the symptoms are often milder.!!6 Similarly, 
mucosal ulcers, butterfly and discoid rash, renal 
and central nervous system involvement, alopecia 
and Raynaud’s phenomenon are less common in 
drug-induced lupus than in SLE.!!®! Drug-induced 
lupus is more common in women than men, but is 
more common in men than is SLE.!®9) Drug- 
induced lupus typically improves with cessation of 
therapy, but some symptoms can persist. Drug- 
induced lupus does not predispose patients to 
SLE.[6! 

The drugs most commonly associated with 
drug-induced lupus are procainamide, isoniazid, 


- hydralazine, chlorpromazine, phenytoin, methyl- 


dopa, penicillamine and quinidine.!7°1 
Drug-induced lupus has been known to be asso- 
ciated with the presence of antibodies to single- 
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dig SS Nontoxic metabolite 
Detoxification 
Bioactivation 
Reactive Nontoxic metabolite 


metabolite Detoxification 


Cellular macromolecule 


Drug-macromolecule ———--——--—_——»_ Immune response 
complex 
Recognition by 
antigen-presenting cells 


Fig. 2. Pathway for production of an immune response by reac- 
tive drug molecules associating with cellular macromolecules in 
the absence of adequate detoxification of reactive drug meta- 
bolites. 


strand DNA and to histone. Patients on long term 
procainamide therapy who have a slow acetyl- 
ator phenotype appear to develop drug-induced 
lupus 3 to 4 times as rapidly as patients who are 
fast acetylators.!7] . 

It is now appreciated that the drug most com- 
monly associated with drug-induced lupus is 
procainamide (10 to 20% of patients on continuous 
procainamide therapy over 2 years). Procainamide 
can be activated by oxidative metabolism to a 
reactive metabolite.!73) If reactive drug metabo- 
lites can be detoxified, then there may be no long 
term consequences. If, on the other hand, detoxifi- 
cation is inadequate to deal with the amount of 
reactive metabolite, then it is possible for excess 
amounts to accumulate. Reactive drug metabolites 
are often electrophilic, and are capable of associ- 
ating with macromolecules, in some cases by 
covalent binding. A complex of the reactive drug 
metabolite and a cellular macromolecule may thus 
be available for processing by antigen-presenting 
cells. In this setting, an immune response may 
then be generated, which may include an im- 
mune response to components of the macromole- 
cule to which the reactive metabolite has bound 
(fig. 2).17) 
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It appears that bioactivation of reactive metabo- 
lites among patients who are unable to adequately 
detoxify these metabolites, followed by an im- 
mune response, is responsible for drug-induced lu- 
pus associated with procainamide, and possibly for 
that associated with other drugs.!7!] 


Other Allergic Reactions 

There are a number of other ADRs that are 
believed to be mediated by the immune system, 
including vasculitis, dermatomyositis, pemphigus 
and renal autoimmune renal disease.!70l The mech- 
anism(s) of many of these adverse effects are not 
understood in detail. 

There are some organ-specific ADRs mediated 
by type II hypersensitivity as defined by Coombs 
and Gell!!71 (fig. 1). The haemolytic anaemia as- 
sociated with high-dose penicillin therapy, and 
therapy with quinine, quinidine and nitrofurantoin, 
are examples of this. 

Drug-specific antigens are presented on the red 
blood cell surface membrane. Antibody directed 


against these antigens is produced and then coats 


the red blood cell, leading in turn to complement 
activation and red blood cell lysis (fig. 1).{7-741 A 
similar effect can affect platelets of patients treated 
with quinine or guinidine.!7°] 

Type IV hypersensitivity is rarely involved in 
ADRs except when drugs are administered topic- 
ally. In the case of topical administration of drugs 
such as bacitracin, benzocaine and neomycin, or 
preservatives such as parabens, recognition of an 
antigen by sensitised T lymphocytes leads to 
release of mediators such as cytokines, which lead 
to inflammation as well as attracting macrophages 
(fig. 1),{!4-!7.74.75! The clinical expression of these 
ADRs is allergic eczematoid contact dermati- 
tis. [16] 

There are a number of other ADRs for which the 
clinical characteristics appear to involve, at least 
in part, the immune system. The precise mecha- 
nism(s) of many of these reactions, and the role of 
the immune system in the initiation and/or propa- 
gation of these reactions, is often not under- 
stood.!!*.16] Consequently, most of these adverse 
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reactions are considered to be idiosyncratic ADRs 
(see section 4.3). 


Reactions Due to Direct Mediator Release 

There are a number of compounds that can cause 
direct release of mediators and produce ADRs. 
Such ADRs have all the characteristics of those 
reactions produced by mediator release triggered 
by the immune system. As described above, some 
compounds can trigger direct release of mediators 
from mast cells; other compounds can trigger the 
release of other mediators.!!®1 

Opiates and vancomycin can trigger direct 
release of histamine from mast cells, leading to 
symptoms of pruritus, urticaria and angio- 
oedema.!!8.76.771 Angio-oedema occurs in between 
0.1 and 0.2% of patients treated with ACE inhibi- 
tors such as captopril. The mechanism of this ad- 
verse effect is unknown.!!®78] Urticaria, angio- 
oedema and bronchospasm to radiological contrast 
media, salicylates and NSAIDs are believed to be 
caused by direct mediator release, but there is 
considerable controversy as to the mechanism of 
these adverse effects.[!658] Osmolality of the agent 
appears to be an important factor in the case of 
radiological contrast media.!!®-79.80] There are a 
number of theories with respect to how aspirin and 
NSAIDs may influence mediator release, none of 


which can explain all aspects of these reac- 
tions. [16,81,82] 


4.3 Idiosyncratic ADRs 


There are a number of ADRs which do not fit 
into any of the other classifications described, and 
have been grouped together in the category of 
idiosyncratic ADRs. The name of this diagnostic 
grouping suggests that these reactions occur due to 
unknown mechanisms. However, it has become 
clear that for many of these ADRs, an under- 
standing of possible mechanisms is possible if the 
pharmacology of the drug and possible variations 
in drug handling, including pharmacogenetic 
variability in drug activation and detoxification, 
are considered.|8+1 

An illustration of an adverse effect related to 
pharmacogenetic variations in drug disposition is 
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glucose-6-phosphate dehydrogenase (G6PD) 
deficiency. This is the most common hereditary 
enzymatic variation described to date in humans; 
it is inherited in an X-linked recessive manner.!84] 
Male patients who are homozygous for G6PD 
deficiency have haemolysis when treated with 
oxidant drugs such as primaquine.!841 

One of the earliest examples of the potential 
importance of pharmacogenetics was the observa- 
tion that patients of a slow acetylator pheno- 
type are at increased risk for development of 
peripheral neuropathy when being treated with 
isoniazid, {85} 

Idiosyncratic ADRs can assume many clinical 
features, but often manifest in a manner that cannot 
be predicted, given the usual pharmacology of the 
drug. Examples of idiosyncratic ADRs that occur 
in this fashion include hepatitis associated with 
anticonvulsants or inhalational anaesthetics, and 
Stevens-Johnson Syndrome in association with 
sulphonamides. [86-89] : 

Idiosyncratic ADRs frequently are not detected 
in premarketing testing, as they are often 
uncommon. For example, the overall risk of 
Stevens-Johnson syndrome in association with sul- 
phonamide therapy appears to be in the range of 1 
per 10 000 to 50 000 courses of therapy.!9°! These 
types of ADR only become known through careful 
postmarketing surveillance.[9!-93] 


4.3.1 Specific Types of Idiosyncratic ADRs, 

and Postulated Mechanism(s) 

There are numerous different idiosyncratic 
ADRs described, the mechanism of some of which 
is known in detail. For others the mechanisms are 
completely unknown. Several idiosyncratic ADRs 
for which a mechanism has been postulated will be 
described to illustrate possible mechanism(s) for 
idiosyncratic ADRs. 


Halothane Hepatitis 

The inhalational anaesthetic halothane is 
associated with a syndrome of postanaesthetic 
hepatitis that occurs once in every 10 000 anaes- 
thetic administrations. Symptoms develop between 
the second and fifth postoperative days.|94] The 
mechanism of this adverse effect appears to 
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Dug —— Nontoxic metabolite 
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Cellular macromolecule 
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Cell injury complex 
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Clinical expresson as a Recognition by 
hypersensitivity reaction antigen-presenting 
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Propogation of 


. Immune response 
the adverse reaction 


Fig. 3. Pathway for toxicity of reactive drug metabolites in the 
absence of adequate detoxification and possible production of 
an immune response to further propagate the adverse drug re- 
action. 


involve bioactivation of halothane to a reactive 
metabolite. 

Pohl and co-workers have demonstrated that 
halothane can undergo oxidative metabolism to 
produce a trifluoroacetyl halide metabolite, which 
can act as a hapten.!95-97] The sera of patients who 
have had an episode of halothane hepatitis contains 
an antibody directed against neoantigens prepared 
from hepatic protein that contains a trifluoroacety! 
group.!96] This antibody is not found in the sera of 
patients who tolerate halothane therapy without 
adverse effects, and is not found in the sera of 
patients with other forms of hepatitis.[97 

This suggests that the pathophysiology of halo- 
thane hepatitis involves bioactivation of halothane 
to areactive metabolite in susceptible patients, and 
that a specific antibody forms in response to this 
reactive metabolite (fig. 2).!9°-961 How this anti- 
body might produce the hepatocellular injury 
characteristic of this type of adverse effect and how 
this contributes to the development of hepatitis 
remains unknown.!97! 
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Anticonvulsant Hypersensitivity Syndrome 

Therapy with the aromatic anticonvulsants 
phenytoin, phenobarbital (phenobarbitone) and 
carbamazepine has been associated with the devel- 
opment a hypersensitivity syndrome after 7 to 10 
days of treatment. This syndrome is characterised 
by the development of fever, a skin rash that may 
be toxic epidermal necrolysis or erythema multi- 
forme, and often with involvement of the liver or 
kidney. [88] 

It should be emphasised that in this case, hyper- 
sensitivity is employed in a very different sense 
from the use of the term hypersensitivity with 
respect to drug allergy. When used with respect to 
allergy, hypersensitivity refers to a specific 
immune response.!!7] When used with respect to 
idiosyncratic ADRs, hypersensitivity refers to an 
exaggerated response. The unfortunate juxta- 
position of these terms reflects the differences in 
the use of the same term by immunologists and 
pharmacologists. 

The anticonvulsants are extensively metabo- 
lised, including metabolism by cytochrome P450 
isozymes. Phenytoin can undergo oxidative meta- 
bolism to a reactive metabolite that is toxic to 
human white blood cells in vitro.!98] Phenobarbital 
and carbamazepine can also be metabolised to 
reactive metabolites that are toxic to human 
peripheral blood mononuclear cells (PBMNs).!88] 
When the PBMNs of patients who have had a 
hypersensitivity reaction to the aromatic anticon- 
vulsants and controls are incubated with aromatic 
anticonvulsants in the presence of microsomes 
and a microsomal activating system, the 
PBMNs of patients are significantly more sensi- 
tive to anticonvulsant reactive metabolites than are 
the cells of control individuals. [88] 

This suggests that in the absence of adequate 
detoxification, reactive metabolites can produce 
cell injury in vivo, and possibly also generate an 
immune response that would propagate the 
reaction (fig. 3). Of interest is that fact that there 
appear to be differences in the sensitivity of 
PBMNs of women who have had a child with the 
fetal hydantoin syndrome and the cells of women 
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whose children demonstrate no significant adverse 
effect from exposure to phenytoin in utero. This 
suggests that variations in sensitivity to reactive 
metabolites may be an important element in the 
pathogenesis of a number of untoward events 
associated with therapy.!9?! 

The identity of the enzyme(s) involved in detox- 
ification of reactive metabolites of the aromatic 
anticonvulsants and the precise pharmacogenetic 
variations that may be responsible for these ad- 
verse effects is unknown. However, it has been 
speculated that variations in the activity of epoxide 


hydrolase may be the molecular basis for such 
effects. [84.98.99] 


Sulphonamide Hypersensitivity Reactions 

The sulphonamides have been associated with a 
number of different types of ADRs since their 
introduction into clinical practice in the 1930s.|4] 
The most serious ADRs to the sulphonamides in 
current clinical use are hypersensitivity reactions. 
The comments above with respect to the difference 
between the use of hypersensitivity in this context 
and in the allergic context apply to the sulphona- 
mides as well. 

Sulphonamide hypersensitivity reactions typi- 
cally occur after 7 to 10 days of therapy. They are 
characterised by the presence of fever and a rash, 
typically erythema multiforme or toxic epidermal 
necrolysis.!8690] Other organs, such as the heart, 
liver, kidney and lung, can be involved as well. 
These reactions are a cause of major morbidity and 
can cause mortality, primarily related to infectious 
complications. !86.901 

Sulphonamides are eliminated primarily by 
renal excretion following N-acetylation, but a 
small fraction of a given sulphonamide dose 
appears to be metabolised, probably by cyto- 
chrome P450, to a reactive metabolite, the 
hydroxylamine of the parent  sulphona- 
mide.!60,61,100-102] When PBMNs from patients 
who have suffered sulphonamide hypersensitivity 
reactions or controls are incubated with sulphona- 
mide hydroxylamines, the PBMNs of patients 
show significantly more cel] death than do the cells 
of controls, suggesting that there are differences 
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between patients and controls in their capacity to 
detoxify reactive metabolites of the sulphona- 
mides. 86,90] 

When the acetylator phenotype of patients and 
controls is compared, a significantly larger per- 
centage of patients are slow acetylators compared 
with controls (90 versus 55%).!!03) This suggests 
that pharmacogenetic differences in the production 
and detoxification of sulphonamide reactive metabo- 
lites are critical elements in the pathophysiology of 
sulphonamide hypersensitivity reactions (fig. 3). 

As described above, infectious complications 
account for much of the mortality associated with 
these reactions. It is now recognised that reactive 
drug metabolites may exert potent effects on the 
immune system.!!?! Reactive drug metabolites can 
associate with macromolecules and act as hap- 
tens.|25.36] Reactive drug metabolites can also 
affect immune function. As an illustration, the 
hydroxylamine of sulfamethoxazole, the most 
commonly used sulphonamide, inhibits the ability 
of natural killer cells to act, suppresses the produc- 
tion of the cytokine tumour necrosis factor, and 
inhibits the ability of T lymphocytes to respond to 
mitogenic stimulation.!!04-106] This suggests that, 
in addition to production of antigen-specific anti- 
body, there may be other and perhaps more subtle 
effects of reactive drug metabolites on immune 
function.!!?1 

In addition to possible effects on immune 
function, there are possible differences in the 
handling of reactive drug metabolites related to dis- 
ease state. Although hypersensitivity reactions to 
sulphonamides are relatively rare in the general pop- 
ulation (approximately once per 10 000 to 50000 
courses of therapy), they are much more common 
among patients with AIDS.!!07-109] [¢ appears that 
HIV-infected cells are markedly more sensitive to 
sulphonamide reactive metabolites than are non- 
infected cells, possibly related to changes in intra- 
cellular thiol content and an altered capacity to regu- 
late the intracellular environment.!!!0-113] 


Pharmacogenetic Variability 
It is becoming increasingly clear that pharmaco- 
genetic variations in drug activation and metabolite 
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detoxification may provide mechanisms for many 
idiosyncratic ADRs that have previously been 
unexplained.|83.84.114] Areas in which current 
research is active include the polymorphic hydroxy- 
lation of debrisoquine, and polymorphisms in 
methylation and acetylation. !!!4-118] 

It is likely that increasing knowledge of molec- 
ular aspects of xenobiotic biotransformation will 
provide further mechanistic explanations for idio- 
syncratic ADRs that are currently poorly under- 
stood. In addition to offering new insights into 
ADRs, new insights offer the possibility of devel- 
oping assays in vitro which can be used in the 
diagnosis of ADRs, and which may be helpful in 
identifying subsets of patients at high risk for 
ADRs. This approach has been used successfully 
with the aromatic anticonvulsants and the sulphon- 
amides.[88.90] 


5. Conclusions 


ADRs are a major source of morbidity and mor- 
tality. Unpredictable ADRs are special hazards, as 
they are frequently unexpected and can be very 
severe. 

Of the 3 general groupings of unpredictable 
ADRs, intolerance is the least severe. Although 
symptoms are troublesome, ADRs of this type are 
rarely serious. The mechanism(s) of these reac- 
tions are not understood in detail, but may involve 
an exaggeration of pharmacologic or toxic effects 
in vulnerable subsets of patients. 

Allergic ADRs are of special concern. These 
reactions can be associated with severe symptoms 
or death. The mechanism(s) that produce these 
adverse reactions vary. The most severe allergic 
adverse reactions are caused by production of 
antigen-specific antibody, usually via a hapten 
processed by antigen-presenting cells. Assays to 
assess future risk are available for a few specific 
allergic ADRs. Some of these reactions are not due 
to mediator release triggered by the immune 
system, but direct release in response to the drug. 
There are some ADRs mediated by the immune 
system for which the mechanism(s) involved are 
obscure. 
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Idiosyncratic ADRs are typically unpredictable 
from the usual pharmacological action of the drug. 
Many of these adverse reactions occur because of 
pharmacogenetic variations in drug activation and 
detoxification. The pathophysiology of some of 
these reactions appears to involve the immune 
system for propagation of the reaction after an 
initial metabolic initiation. It is possible that our 
increasing knowledge of the role of. pharmaco- 
genetics and reactive drug metabolites in the initi- 
ation and propagation of idiosyncratic drug reac- 
tions will lead to the development of assays to 
diagnose specific ADRs as well as to determine 
which patients might be at special risk for these 
ADRs]l! 191 

Unpredictable ADRs pose a special threat to 
patients and call for special vigilance on the part 
of the physician. It is important that physicians 
be familiar with the adverse effects associated with 
the drugs they use, and that they view unexpected 
untoward events during or after therapy with 
appropriate concern. 
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